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This is an aspirational sketch of a pRad EoS platform

◦ There might be a way to measure Hugoniot curves to very
high pressures (100 Mbar?) at LANSCE using proton
radiography (pRad) one of these years.

◦ There are technical problems to be solved.

◦ But we also demonstrate a solution to one of the technical
issues.

◦ We cover ground that is germane at LANL but possibly not
familiar to some Physics Division personnel.



Shock physics and jump conditions

For our purposes, a strong shock is a discontinuity propagating
through a homogeneous material at a supersonic speed.

"Piston Problem"

vp vsF

P=F/A

ρ, P, T

ρ0, P0, T0

Conservation of Mass
need Min = Mout ,
Avs∆tρ0 = A(vs − vp)∆tρ,
and vsρ0 = (vs − vp)ρ
Or, vp = vs(1 − ρ0/ρ)

Impulse
PA∆t = (Avs∆tρ0)vp,
so P = ρ0vsvp
Or, P = ρ0v

2
s (1 − ρ0/ρ)

P = ρ0vsvp gives pressure from velocity measurements.
P = ρ0v

2
s (1 − ρ0/ρ) can give pressure from radiography.



Energy jump and ideal gas limit

Find strong shock limit on density jump for an ideal gas.

"Piston Problem"

vp vsF

P=F/A

ρ, P, T

ρ0, P0, T0

Work done by piston

PA(vp∆t) = A(vs − vp)∆tρe

+A(vs − vp)∆tρv2
p/2

We can rewrite using mass and
impulse conditions as
ρe = ρv2

p/2.

ρe/P = (ρ/ρ0)(vp/vs)/2 = (ρ/ρ0)(1 − ρ0/ρ)/2 = (ρ/ρ0 − 1)/2
ρ/ρ0 = 2ρe/P + 1
Ideal gas EoS is P = ρe(γ − 1) where γ = Cp/Cv .

ρ/ρ0 =
γ + 1

γ − 1
in this limit is 4 for monatomic gas, 6 for diatomic

gas.



EoS based on gas guns

This is a venerable technique still being widely practiced – first
search result from “gas gun equation of state”

With modified instrumentation, still the state of the art. Has 1D
advantages, but also subject to 1D limitations.
Radiography: no impedance matching! Just measure ρ and vs .



The blessing of dimensions

In pursuit of high pressure, more dimensions do not curse us! This
is Noh’s test problem. There are simple solutions to the Euler
equations with the initial condition of a material moving toward
the origin with constant velocity in 1, 2 or 3 dimensions.

In 1D (like a flyer plate), shocked density is (γ + 1)/(γ − 1) = 4
and pressure is P = 4/3.
In 3D, shocked density is (γ + 1)3/(γ − 1)3 = 64 and pressure is
P = 64/3!
To harness the power of added dimensions, we need radiography!
“Errors for calculations of strong shocks using an artificial viscosity and an artificial heat flux,” W.F. Noh, J. Comp.
Phys. 72 78–120, 1987



The Gigabar NIF experiment

The Gigabar experiment at the National Ignition Facility measures
states to very high pressures, but can only do it for low Z materials.

Gbar CH target/sample for ingoing
spherical shock
X ray image is taken with streak
camera of a strip across the center
of the sphere

a: data, b: model, c: residual
time is horizontal, radius is vertical

Nominal CH density is 1.05 g/cc, so the
maximum value on this plot is close to
monatomic ideal gas value
ρ/ρ0 = (γ + 1)/(γ − 1) = 4.

Main point is that this technique reaches
noticeably higher pressures than other
techniques on a logarithmic scale!

“Absolute Hugoniot measurements from
a spherically convergent shock using x-
ray radigraphy,”Damian Swift et al., Rev.
Sci Inst. 89, 053505 (2018)



Pea size at pRad

We can measure through high Z materials at pRad if we make
them about the size of a pea. Quality imaging of such a geometry
is necessary (if not sufficient) for high pressure EoS data.

This is a 1 cm diameter sphere of gold sur-
rounded by a spherical shell of titanium alloy.

The energy loss through the bare sphere is a problem for
pRad image quality.

The princess at pRad would be the chromatic aberrations of the
magnetic lens. They are quite sensitive to a piece of gold the size
of a pea.



We have demonstrated a solution to the energy mismatch

This was designed and fielded during the
pandemic!
The top pRad image is unmatched, the
bottom image is matched.
This was our first iteration and we have
an improved dechromator in the works.

see“Image quality indicator...,”, Sjue et al., LA-UR-20-26337


